Capital constraints exist in many supply chains. We examine a low carbon distribution channel that consists of a manufacturer and a retailer, in which the retailer is constrained by capital. The retailer can be financed by bank credit from a competitive bank market. A Stackelberg model is developed to analyze the integrated decision-making process of ordering, financing, and emission reduction. By comparing the decentralized and centralized channels, we obtain that the manufacturer's green technology investment should be linearly proportional to the retailer's order quantity in both channels. Thus, a large order quantity leads to increased efforts to reduce emissions. Results further show that the centralized channel in some cases has fewer emissions and can generate more profits for the whole supply chain compared with the decentralized channel. We therefore propose a revenue sharing contract with a function form to coordinate the distribution channel. When the government allocates appropriate quotas to the supply chain, high carbon price can benefit the environment and supply chain efficiency.
Introduction
The industrial modernization has developed simultaneously with carbon emissions over the past decades, resulting in global warming, and challenges the survival of human beings. Global warming is at least 90% caused by human activities [1] . Therefore, we must change the mode of production to achieve a low carbon economy. However, this aspiration also challenges the supply chain management and has therefore attracted the attention of many researchers to study the optimization of operation strategy related to the reduction of carbon emissions. For the goal of carbon emission reduction, governments tend to implement regulation policies, in which the carbon cap-and-trade policy is effective in reducing carbon emissions without increasing costs significantly [2] . The policy achieves the goal of emission reduction by means of regulation and market. In the supply chain, the enterprise can treat the carbon emission permits as part of the operation cost. It can trade the permits or invest in green technology and process improvement to save the permits. The investment increases cost but can reduce carbon emissions and gain additional revenue through the sales of the savage of carbon emission permits.
Some enterprises reportedly face demand uncertainty when making decisions related to emission reduction, mainly because products increasingly have the property of short sale cycles, e.g., some traditional goods (food and cut flowers), fashionable goods (clothing), and high-tech products (mobile phones) [3, 4] . Given the demand uncertainty, an enterprise finds deciding production/order quantity complicated, especially when it is a small-and medium-sized enterprise (SME) and when the salvage value of the product is small or even zero. Moreover, most SMEs suffer from the shortage of liquid funds after the global financial crisis. Such enterprises need financing to support daily production and sales operations [5] . Therefore, the interfaces of operations and financial decisions receive substantial interest in the field of supply chain management in recent years.
Most SMEs in a supply chain lack funds. The retailer needs funds for purchasing goods or sales promotion, and the manufacturer needs funds for production and distribution operations. Apart from the funding requirements of daily 2 Discrete Dynamics in Nature and Society operations, low carbon investment needs extra funds. Thus, an SME needs to seek a loan. The most common way of financing is bank credit, which is a concern in this study.
The retail price of the product is assumed to be constant in the retail market in the context of carbon cap-andtrade policy. We develop a game model of the supply chain that consists of a manufacturer and a capital-constrained retailer with the newsvendor model. The manufacturer can invest in green technology to reduce carbon emissions per unit product. The retailer must make a decision on order quantity and then borrow from banks for payment. Three key questions are addressed in this study:
(1) In the decentralized supply chain setting, what are the optimal production quantity, carbon trading strategy, interest rate of bank credit, and green technology investment? (2) In the centralized supply chain setting, what are the optimal strategies for the retailer, manufacturer, and banks? (3) How can the decentralized supply chain be coordinated to achieve performance in the centralized setting scenario? What contract should be made?
The remainder of the paper is organized as follows. Section 2 reviews the associated literature. Section 3 presents the model descriptions, assumptions, and the decentralized supply chain setting model and obtains the optimal strategies for the manufacturer, retailer, and banks. Section 4 discusses the optimal strategies for the centralized decision-maker and the banks in the centralized supply chain setting. This section also designs a supply chain coordination mechanism and analyzes the model for the optimal strategies by comparing green technology investments and order quantities in two settings of the supply chain. Section 5 illustrates the numerical examples. Section 6 presents the conclusions of our findings and highlights possible future work.
Literature Review
This section reviews the related literature on the "interface of operations and financing decisions" and the "interface of operations and emission reduction decisions." We then highlight the integrated problem proposed in the literature referred to as "low carbon supply chain with capital constraints."
Interface of Operations and Financing Decisions.
In recent years, many researchers have been concerned about the interface of operations and financing decisions in supply chain management. Zhao and Huchzermeier [6] reviewed the operation-finance interface from a closed loop view, presented a risk management framework, and gave dimensions and categories. The capital-constrained supply chain management problem has attracted wide attention. One of the first studies with capital constraints has been conducted in a newsvendor model by Xu and Birge [7] . Their study illustrated how a firm's capital constraints and capital structure affect production decisions.
Many studies have focused on the retailer's ordering/inventory strategy by incorporating the traditional way of financing, which is bank credit. In the completed competitive banking market, research has shown that capital constraints do not influence retailer's optimal decision [8, 9] . On the contrary, capital constraints affect a retailer's strategy by using its internal capital and interest rate when it secures a loan from a noncompetitive banking market [10] or faces uncertainty demand in a price-dependent market [11, 12] . To avoid risks, banks always require a credit guarantee from the upstream manufacturer when they offer the SME retailer a loan. Yan et al. [13] suggested the credit guarantee can effectively balance the retailer's financing risk between the bank and the manufacturer through interest rate charging and wholesale pricing.
Another common way of a loaning is asset-based financing. Buzacott and Zhang [14] were the first to incorporate asset-based financing into production decisions. A bank can announce different interest rates on cash balance and outstanding loans, whereas retailers are at different capital levels. The result shows that the retailers can enhance their return with asset-based financing. Firms with limited capital can also seek a commercial loan from the external market to increase their budget. For example, Boyabatli and Toktay [15] studied the integration of operations and financial risk management decisions.
Trade credit financing is another common mode for a retailer to deal with a short-term budget shortage problem [16] . As an integrated part of a supply chain contract, trade credit can act as a risk-sharing mechanism among supply chain members [17] . Jing et al. [18] compared the efficiency between bank credit financing and trade credit financing for a capital-constrained retailer and found that trade credit financing becomes highly effective when production cost is relatively low. Chen [19] further studied the coordination problem in the supply chain. Bank versus trade credit is compared under revenue sharing contract, and the results show that channel coordination can create more profit for both channel members. Moreover, for any given revenue sharing rate, channel coordination requires a higher wholesale price under trade credit financing than under bank credit financing. Cai et al. [20] theoretically proved that the two credits are complementary if the retailer's internal capital is substantially low, but they become substitutable as the internal capital grows, and this prediction has been empirically validated. Yang and Birge [17] revealed that trade credit allows the manufacturer to take advantage of the retailer's lack of funds. Moreover, this setup may benefit both members when the retailer's financial situation is relatively strong. Another risk-sharing mechanism is option contract. By considering bankruptcy risk, Zhang et al. [21] studied pure option ordering and pricing decision problems. Their model demonstrated that the decisions and profits under bank credit do not depend on the initial capital and the default risk, but default risk has a significant impact on the results under trade credit.
During supply chain management, the manufacturer and supplier may also suffer from capital constraints if they are SMEs. For instance, Jiang and Hao [22] considered a manufacturer that sources from a capital-constrained supplier and offers advance payment to preorder a quantity that must be satisfied by the production of a supplier before the actual demand arises. They studied the effectiveness of Discrete Dynamics in Nature and Society 3 such a two-order arrangement in alleviating the supplier's capital restriction on channel performance. To deal with the manufacturer's production capital constraints in the supply chain, Wang et al. [23] considered two financing modes, the retailer's prepayment financing mode and the procurement contract financing mode. They built a model with production and financing decision under two financing modes, and the results show that the two modes can bring new value and profit for the supply chain. The manufacturer and the retailer can also be capital-constrained. Yan et al. [24] designed a supply chain finance system, which considers the bankruptcy risks of the manufacturer and the retailer. They formulated a bi-level Stackelberg game in which the bank acts as the leader and the manufacturer acts as the subleader; they arrived at the conclusion that the different interest rates and credit lines can affect the supply chain operations. Kouvelis and Zhao [25] studied the impact of credit ratings on the operational and financial decisions of a supply chain where the retailer can use bank and trade credits for its financing needs while the supplier can use bank credits and the retailer's early payment. The authors provided insights into who should finance the supply chain and at what rates when there are differential credit ratings between the supply chain members.
Interface of Operations and Emission Reduction Decisions.
In the background of low carbon economy, many studies of supply chain have focused on integrated decisions on operations and emission reductions. A manufacturer can invest in green technology to reduce carbon emissions in production. In a two-echelon supply chain system that consists of one manufacturer and one retailer, for example, Jiang and Chen [26] investigated the traditional operation decisions (including optimal production and pricing) and emission reduction decisions (including carbon trading and green technology investment) when the retailer faces stochastic demands formed by homogeneous strategic customers. The authors argued that quantity commitment strategy can improve the profit of the supply chain with strategic customer behavior. They also proved that the revenue sharing with cost sharing contract can coordinate the supply chain, as opposed to that with revenue sharing contract alone.
From the consumers' perspective, product demands may be carbon-sensitive in low carbon policies, and the consumers are assumed to prefer low carbon products. According to Ma et al. [27] , the production strategies are discussed under carbon cap policy regulations and consider the two scenarios of deterministic demand and stochastic demand. They analyzed the influence of different low carbon-sensitive coefficients on manufacturing's profit. In a carbon-sensitive market, emission reduction takes the high production costs and stimulates the inverse demand function. Therefore, the participants of the supply chain should coordinate two objectives: carbon emission reduction and profit-seeking behavior. Du et al. [28] argued that the supply chain's profit and the emission reduction increase simultaneously in particular cases, and the manufacturer's optimal carbon emissions per unit product keep the same as those in the centralized channel regardless whether the supply chain is coordinated. In a two-echelon supply chain with carbon-sensitive products, Wang et al. [29] developed a game model for the issues of carbon emission reduction within the retailer-dominant and the power-balanced cases. The authors found that the cost-sharing contracts in the retailer-dominant and powerbalanced cases can both result in the improved Pareto of the manufacturer's and the retailer's profits. Moreover, the supply chain meets uncertain demand, which is solved by forecasting. Qin et al. [30] discussed three demand forecasting settings: information sharing, full information sharing, and retailer-only forecasting.
In some application scenarios, the manufacturer and the retailer must make a decision on low carbon effort when both face a carbon-sensitive market. For example, Du et al. [31] developed a Stackelberg-like model to analyze the decisions of the manufacturer and retailer. They proposed a carbon-related price and discount sharing-like scheme to coordinate the channel for Pareto improvement. Some other studies were concerned with the supply chain with a supplier and a manufacturer. Xu et al. [32] studied the impacts of technological spillovers and environmental awareness to reduce carbon emission. The authors propose a bargaining-coordination contract through revenue-cost sharing to enhance performance and improve the profits of players as technological spillovers and environmental awareness increase. Another direction focuses on the dualchannel supply chain. For example, Chen et al. [33] analyzed the influences of the level of environmental sustainability of channels on the pricing policies for the supply chain members. Ji et al. [34] investigated the emission reduction behaviors for the supply chain members in the retail-channel and the dual-channel cases by using the Stackelberg game model. The other directions we surveyed are integrated into disciplines, which include marketing (e.g., in Bai et al. [35] , the demand is affected by product selling price, low carbon level, and promotional effort) and finance (discussed in the following sections).
Low Carbon Supply Chain with Capital
Constraints. In our survey, only a few researchers have been attracted by the integrated decisions of operations, emission reduction, and financing. For example, Wang et al. [36] examined manufacturing/remanufacturing planning problems when the manufacturer is capital-constrained. The results show that capital constraint can encourage the manufacturer to remanufacture used products at a high-quality level, reduce carbon emissions, and achieve the maximum profit when the manufacturer has sufficient capital financing from banks or capital markets. From the viewpoint of the supply chain, An and Yao [37] studied a two-echelon green supply chain by considering the situation of the manufacturer's capital constraint. They proposed the framework as a Stackelberg game led by the manufacturer, analyzed the equilibrium solution in the supply chain under the bank credit, and concluded that a hybrid contract of revenue share and buyback realizes channel coordination. They borrowed the concept of the green degree to describe the product attributes, and the development cost of the product is linear with the green degree. They did not consider the low carbon policies and emission reduction target. By contrast, in a capand-trade policy, Cao and Yu [38] concentrated on trade credit financing, whereas Yang et al. [39] focused on carbon financing. The former found that the manufacturer prefers to cooperate with a medium rich retailer, and a general coordinating contract (including revenue sharing, buy back, and quantity discount) can coordinate the supply chain. The latter studied the cooperation modes in the supply chain. The authors proposed the mode as "supply chain carbon finance," in which the manufacturer and the retailer share carbon emission quotas. In this cooperation mode, a carbon fund is built to apply for a green loan by using carbon quotas as collateral. This mode can improve the supply chain's profit and increase the emission reduction effort when compared with the delay-in-payment and full cooperation modes.
As discussed in Section 1, the SMEs in the supply chain suffer from financing constraints and emission reduction regulation. Therefore, the SMEs simultaneously make decisions on operations, financing, and emission reduction. The existing literature lacks the study of capital-constrained supply chains from the perspective of carbon emission reduction. Besides the literature in Section 2.3, our study further fills this gap. Unlike in previous work [38, 39] , we concentrate on bank credit financing. The second contribution in this study is the innovation of coordinating mechanism. We therefore propose a revenue sharing contract with a function form that can coordinate the low carbon supply chain and result in improved Pareto. Moreover, we provide several sensitive analyses of parameters on profits and decisionmaking processes. A high carbon price leads to a high reduction of emission in the supply chain. Thus, more quota savings bring considerable profit to the supply chain.
Model

Model Description and
Assumptions. This study considers a single-period product market, where the distribution channel consists of a manufacturer and a retailer. The manufacturer acts as a monopolist firm that controls the manufacturing, whereas the retailer is an SME with no wealth endowment. The demand in the retailer market is random and is not realized until the end of the period.
The manufacturer announces a wholesale price for the retailer at time zero. The retailer must decide the order quantity and render full payment for the purchase. The capital-constrained retailer must loan from a bank.
The main assumptions in our model are as follows.
(1) The retail price is normalized to 1 without loss of generality. The product is perishable. Thus, it has no salvage value at the end of the period.
(2) Consumers hold the same reservation price for the product.
(3) In the retailer market, the demand distribution function is continuous with a positive probability density and has a finite mean.
(4) The manufacturer and the retailer have no fixed costs. The manufacturer has a constant marginal production cost. The retailer incurs the costs of the wholesale price and the interest rate of the bank credit.
(5) The retailer has limited liability, which implies that it repays the principal and interest to the bank if it realizes that revenue exceeds the sum of the principal and interest. Otherwise, the retailer only has to repay its total realized revenue and is in arrears with the remainder of the loan.
(6) The manufacturer has adequate capital for the production and emission reduction.
(7) The manufacturer is given an amount of initial carbon dioxide emission at time zero. The manufacturer must buy the right to emit if it emits more than its emission quota. On the contrary, the manufacturer can sell the emission permits if it emits fewer than its quota. The emission reduction cost is a function of the amount of carbon emission reduction per unit product. Moreover, the first and second derivatives of the function are greater than zero.
(8) The participants of the game are assumed to be rational and risk-neutral and have complete information. The banking market is perfectly competitive.
3.2.
Notations. This study defines the following notations to formulate the problems.
: demand in the retail market ( ): distribution function of ( ): probability density function of , , : used as superscripts to represent manufacturer, retailer, and supply chain, respectively , , V: used as subscripts to denote the decentralized distribution channel, the centralized distribution channel, and the revenue sharing function contract, respectively; for example, denotes the expected profits of the retailer in the decentralized distribution channel * : superscript to represent an optimal choice; for example, * represents the optimal choice of retailer's order quantity in the centralized distribution channel . Banks finally announce an interest rate after observing and . We process the decision-making process backward to gain the equilibrium in the bank market and the distribution channel. In the bank market, a bank lends to the retailer. At the end of the period, the retailer achieves revenue min{ , } and uses it to pay the debt,
(1 + ). Given that the retailer has limited liability, its expected payment to the bank is min{min{ , },
(1 + )}. In a perfectly competitive bank market, the equilibrium condition in which the bank generates zero expected profits is as follows:
The expected profits of the retailer are
where + equals when > 0 and equals 0 otherwise. Thus, the retailer's problem can be written as
Lemma 1 (see [18] 
From Lemma 1, we know that the capital-constrained channel is equivalent to the usual channel without a capital constraint if the bank market is perfectly competitive. Thus, the retailer with limited liability may opt for an order quantity that is the same as that when its own funds have been sufficient. Thus, for a given wholesale price , the retailer's optimal order quantity ( ) is determined by the equation as follows [18] :
The expected profits of the manufacturer are
where = ( ). From (5), the choice of is equivalent to choosing for the manufacturer. In other words, (6) can be rewritten as
To maximize the manufacturer's profit, we obtain the subgame perfect equilibrium as the following proposition. Proof. In Proposition 2, condition (3) and the former part of condition (2) are derived from (1) and (5), respectively. We prove the other conditions in the following discussions. From (7), by taking the first-order partial derivatives of with respect to and , the equalities are as follows:
Thus, the Hessian matrix of is
If [2 ( ) + ( )] − 2 > 0, then ( ) is a negative definite. Moreover, from the first-order condition, we can easily obtain condition (1) and the left part of condition (2) of the proposition.
Contract to Coordinate the Channel
Production Quantity in the Centralized Distribution Channel.
In the centralized distribution channel, the expected profits of the supply chain are
The centralized problem can be written as Proof. According to the proof process of Lemma 1,
Taking the first-order partial derivatives of with respect to and , the equalities are as follows:
Thus, the Hessian matrix of is as follows:
If ( ) − 2 > 0, then ( ) is a negative definite. We obtain conditions (1) and (2) of the proposition according to the first-order condition. Condition (3) can be derived from (1) directly. These conditions prove Proposition 3.
Coordination with a Revenue Sharing Function.
This subsection uses a special revenue sharing contract, the function scheme, to coordinate the channel. In the contract, the wholesale price the manufacturer announces does not exceed the cost per unit product. Thus, the retail revenue is divided into two parts. The first part with the quantity of ( V ) is given to the manufacturer, whereas the remaining part is kept by the retailer. We suppose ( V ) ≤ min{ , V }. Thus, the retailer's problem can be written as
The manufacturer's profit becomes
Proposition 4. Considering a revenue sharing function contract, a function with the form of
can coordinate the channel, where is a constant term to achieve ( V ) ≤ min{ , V }.
Thus, we have
Thus, the profit function of the retailer can be rewritten as
Differentiating V with respect to V and collecting terms, we have V / V = ( V ) − ( V )/ V − V . The retailer's optimal order quantity, * V , satisfies the first-order condition
Moreover,
from the second-order condition.
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If the revenue sharing function contract coordinates the supply chain, then we have * V = * . Substituting (23) into (13), we obtain (19) is satisfied. Moreover, according to (24) and * V = * gained above, we have − (
, we obtain ( * ) > 2 / , which insures that the optimal quantity * exists according to Proposition 3. Thus, we have proven Proposition 4.
Remark 5. Letting
The revenue sharing contract with a function form becomes a special case that likes the quantity discount contract. Unlike the traditional quantity discount contract, ( V ) is a function form, and the manufacturer cannot obtain the payment for the products until the retailer has achieved the sales income. Therefore, ( V ) is a hybrid contract of revenue sharing and quantity discount. This setup is beneficial for the retailer that is an SME because it does not need to pay the money to obtain the products. Thus, the retailer also does not need to load from the banks.
Proposition 6. In the revenue sharing function contract, the manufacturer's optimal carbon emission reduction per unit product is
Proof. From (18), we have
According to the first-order condition and
Remark 7. Proposition 4 shows that ( V ) is a parabola that moves downward, and its highest point is achieved when
2 . However, we obtain * V = ( / ) * V from Proposition 6 because the emission reduction amount cannot surpass the initial amount of carbon emission per unit product. Thus, we have * V < / . In the revenue sharing function contract, we assume that the wholesale price does not exceed the marginal production cost. Thus, if ( −
2 . This correspondence means that the curve of ( V ) can only work at the left part because of the choice of * V . Figure 1 shows that the solid line describes ( V ). The monotonicity of ( V ) matches the actual situation. The retailer must share more revenues to the manufacturer with the increase of order quantity.
Model Analysis.
This subsection compares the decisionmaking processes of the decentralized and centralized channels, which include emission reduction investments, order quantities, and carbon emissions. order/production quantity, regardless of the centralized distribution channel, the decentralized channel, or the revenue sharing function contract. Moreover, the proportional coefficient is / .
Corollary 8 reflects the decision-making process of low carbon investment, which only relies on order/production quantity regardless of the channel. The manufacturer is the monopolist in the channel, and the low carbon investment only appears in the manufacturer's revenue function. The retailer influences the low carbon investment by the order quantity indirectly.
Proposition 9. Suppose that the optimal order quantities in the decentralized and the centralized distribution channels are
* and * , respectively. They satisfy
, then ( )/ < 0 and ( ) monotonically decreases in . Propositions 2 and 3 reveal that ( * ) − ( * ) = * ( * ) > 0 because * > 0 and ( * ) > 0. Thus, according to the monotonicity of ( ), * < * .
If ( ) > 2 / , then the cost of emission reduction is relatively high and the carbon price is relatively low. That is, the manufacturer cannot gain more benefits from a large order quantity in the decentralized distribution channel. From Corollary 8, a large order quantity means large emission reductions per unit product. The manufacturer can harvest little income from with the heavy emission reduction investment of (1/2) 2 . In the centralized distribution channel, the profits from the retail market can compensate the cost of emission reduction. Thus, production quantity is more than that in the decentralized channel.
( ) denotes the carbon emissions to manufacture products in the supply chain, while ( * ) and ( * ) represent the carbon emissions for optimal decision-making in the decentralized and centralized distribution channels, respectively.
Corollary 10. If
Proof. Given that the emission reduction amount cannot exceed the initial carbon emissions, we obtain 2 < / according to Proposition 3. Moreover, from Corollary 8, ( ) = ( − ) = ( − ( / ) ) . Then, ( )/ = − (2 / ) . Thus, if < /2 , then function ( ) is monotonically increasing in . If > /2 , then function ( ) is monotonically decreasing in . Therefore, according to Proposition 9, we can easily gain Corollary 10.
The channel in which the quantity of carbon emissions is greater is uncertain and depends on the size relationships between ( ) and 2 / and between and /2 , where represents * and * . If neither of the conditions in Corollary 10 is satisfied, then we can compare the carbon emissions of two channels by means of computational experiments.
Numerical Examples
This section presents the conduct of a set of numerical computations to study the solutions in the decentralized distribution channel, the centralized channel, and the revenue sharing function contract. To perform these experiments, we use an exponential distribution with a mean value of 100 to model demand uncertainty. The other parameters in the model are set to = 0.2, = 3, = 320, = 10, and = 0.1.
Illustrating Example of the Contract.
In the decentralized channel, the optimal order quantity is * = 34.35, and the optimal wholesale price is 0.71. The profits of the manufacturer and the retailer are 39.78 and 4.71, respectively. Therefore, the total profit of the supply chain is 44.49. In the centralized channel, the order quantity is * = 88.88, and the supply chain's total profit is 50.39. Thus, the supply chain gains 5.9 more profit than the decentralized channel.
From channel coordination, the manufacturer and the retailer can gain more profit as long as the constant term, , is within a mutually beneficial range, which is called the Pareto zone. As shown in Figure 2 , when is in the Pareto zone of (7.78, 13.69), the revenue sharing function contract achieves a win-win result.
Given that ( ) is monotonically decreasing in > 0 for the exponential distribution, the numerical example verifies Proposition 9. We consider Corollary 10. /2 = 150 > * > * , ( * ) = 187.64, and ( * ) = 91.25 test part of Corollary 10. This example shows that the carbon emissions in the decentralized channel are nearly half of those in the centralized channel.
To analyze Corollary 10 deeply, we study a set of numerical examples and choose a representative example (Table 1) . We vary only one parameter involved in Corollary 10, , through the interval [1.608, 2.400] with the step length of 0.008. We omit some of the trend data to effectively illustrate the results. The data are divided into three parts. In the bottom part, the data meet the condition 2 < /2 when 2 = * . The data of carbon emissions in the decentralized and the centralized channels are consistent with the conclusion of Corollary 10, which is ( * ) < ( * ). In the top and middle parts of the data, the order quantities meet neither 2 < /2 nor /2 < 1 < 2 < / . Moreover, the data in the top part show that ( * ) > ( * ), whereas the data in the middle part show ( * ) < ( * ).
Impact of Carbon Price Variability.
Our next computational experiment measures the impact of carbon emission parameters on the performance in the model. We keep the emission reduction investment coefficient and the initial amount of carbon emission per unit product constant and vary the carbon price. Figure 3 plots the optimal order quantities in the feasible region of . The choice of is above in our model when ≥ 0.2. In this example, the inequality is * < * < /2 for all < 0.19. With the increase in the price of carbon emission, the order quantity reduces in the decentralized and the centralized distribution channels.
As depicted by Figure 4 , the amount of carbon emissions is decreased when the carbon price is increased (i.e., best decision-making option). Moreover, a high carbon price implies increased production cost, but the manufacturer can deal with this issue by lowering the production quantity, which then reduces carbon emissions.
The centralized channel brings more carbon emissions than the decentralized channel because the emissions that increased from the large production quantity are more than the reduction from the optimal choice of . The gap between the centralized channel and the decentralized channel narrows when the carbon price rises. Therefore, maintaining the high carbon price in the market is beneficial for the emission reduction target of the government.
We study the supply chain's profit with the change of carbon price. Figure 5 shows that the profit of the supply chain is always higher in the centralized channel than that in the decentralized channel. In the decentralized channel, the profits increase as the carbon price grows. However, the profit in the centralized channel initially slightly decreases, and then it increases, which is similar to that in the decentralized channel. We analyze the reason for using the profit structure. As shown in Figure 6 , when the carbon price is increased, the part of the carbon (i.e., income from the sale of some carbon emission quota) increases linearly. This scenario can be attributed to the order quantity reduction and the sale of the remainder of the quota. However, the part of the product in profits, which is the income only from the manufacturing and sale for the product, decreases like the curve of order quantity in Figure 3 . It has a negative slope, and the absolute value of the slope becomes increasingly small with the increase of carbon price. Therefore, the sum of the above two parts indicates the shape of the profit curve in the centralized channel.
Impact of Cost Variability.
In the last computational experiment, we vary the constant marginal production cost within the interval [0.1, 1) and measure its impact on the performance of the model. Figure 7 shows that the order quantities decrease as the marginal production cost grows. When the marginal production cost is close to 0.7, the order quantity reduces to 0. Therefore, we omit the interval (0.7, 1) in Figure 7 . The gap between two channels also decreases. In other words, the descent rate of order quantity is fast in the centralized channel. Moreover, the supply chain tends to stop production when the marginal production cost is close to the sale price. The supply chain chooses more order quantities in the centralized channel than that in the decentralized channel because it depends on (•) and carbon emission parameters but not on the marginal production cost. As shown in Figures 8 and 9 , although the curves of carbon emissions are straighter than the curves of supply chain's profits, their changing trends are nearly the same as the order quantities. When the order quantity reduces to 0, the supply chain gains the profit (32) from the sales of the carbon quota. Moreover, we study the profit structure in the centralized channel. Figure 10 shows that our centralized model is always profitable from the sales of quota no matter how the production cost varies from 0.1 to 0.7 because, from the investment of emission reduction, the manufacturer has the quota surplus. With the increase of production cost, the order quantity reduces and causes emission reduction. Thus, the part of carbon profits grows. However, from the view of the curve shapes, we find that the carbon profit curve is flatter than the product profit curve. They intersect near = 0.1646. Therefore, more order quantities lead to more emissions and the reduction of surplus quota but can gain more profit for product sales and induce more total profit.
Conclusions
This study considers a low carbon distribution channel where the retailer is capital-constrained. Given that the manufacturer is a monopolist, the retailer has to loan from a bank for product payment. With the assumptions of the retailer's limited liability and the perfect competition in the banking market, we found that capital constraints have no influence on the retailer's optimal order quantity. Other main results, which can provide useful managerial insights, are obtained as follows.
First, we investigate the decentralized distribution channel and the centralized distribution channel. After analyzing and comparing the optimal equilibrium solutions of both channels, we find that the manufacturer's decision on the carbon emission reductions per unit product is linearly proportional to the order quantity, regardless of the centralized distribution channel or the decentralized channel. This finding implies that, with the increase in the retailer's order quantity, the manufacturer can exert more effort to reduce emissions. The relatively high carbon price and the relatively low emission reduction investment coefficient can increase the manufacturer's effort. Moreover, we compare the order quantity and the total carbon emissions between the two channels. Within a specified interval of order quantities when the value of the probability density function of demand is above a threshold, the order quantity in the centralized channel is greater than that in the decentralized channel. If this interval satisfies some certain conditions, then we can identify in which channel it produces more carbon emissions. Thus, although the retailer orders more products in the centralized channel, the supply chain's total carbon emissions can be lesser than those in the decentralized channel in certain situations, and this phenomenon is beneficial to the supply chain and the environment.
Second, to achieve the highest efficiency of the overall supply chain, we design a coordination contract named as the revenue sharing function, in which we use a function form instead of the revenue share ratio. In our model, the revenue sharing function is quadratic with respect to order quantity and only takes the ascending section of the parabola, which moves downward. The contract renders a win-win result for the channel members when the constant term in the function is in the Pareto zone.
Finally, a set of numerical computations is implemented to verify our model and analyze the impacts of the carbon price and production cost. With the increase in production cost, the manufacturer tends to produce less or not produce at all. Thus, the profit is reduced and achieved mainly by the sale of emission quotas. However, the high carbon price can bring more profit to the supply chain if quota savings can compensate the reduced orders. This finding implies that the government's appropriate quota allocation and relatively high carbon price setting may benefit the environment and the supply chain efficiency.
This study assumes that the retailer has limited liability. However, in practice, the failure of loan repayment leads to bankruptcy. Extending this assumption will have an effect on supply chain decisions. Thus, one key research direction is to consider the bankruptcy costs. Second, only the retailer is constrained by capital in our model. Another possible extension is to consider the case where the manufacturer is also constrained by capital.
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